H*elicobacter pylori* colonizes the human gastric epithelium in approximately half of the world\'s population. The bacterium takes the form of a curved Gram-negative rod equipped with flagella for motility, and can only grow in microaerophilic environments[@b1]. As a pathogen, *H. pylori* causes chronic gastritis and peptic ulcers in infected individuals, and persons who carry the bacteria for many years face an elevated risk of gastric cancer and gastric mucosa-associated lymphoid tissue lymphoma[@b2][@b3]. *H. pylori*-infected patients are medicated with antibacterial substances such as amoxicillin, clarithromycin, or metronidazole. Year by year, however, *H. pylori* strains resistant to these medicines have been increasing[@b4][@b5]. If the outbreak of resistant strains is to be prevented, it will be essential to develop new antibacterial agents that act selectively on unique biological features of *H. pylori*. It will also be essential, in developing new anti-*H. pylori* agents, to ensure that the agents confer no effects on the survival or drug-resistant expression of other bacterial species, especially human intestinal bacteria.

Recent studies by our group have revealed that phosphatidylethanolamine (PE) in *H. pylori* lipid compositions carries a myristic acid molecule, has a high binding affinity to non-esterified steroidal compounds such as free cholesterol, pregnenolone, and progesterone at the carbon-3 position in its frames, and plays an important role in the interaction between the bacterial cells and these steroidal compounds[@b6][@b7]. We have also found that dimyristoyl PE (DMPE) is one of the most prevalent PE molecular species in *H. pylori* cell membrane lipid compositions. Of the steroidal compounds, progesterone and its analogues induce the cell lysis of *H. pylori* by binding to the myristoyl PE molecular species of the bacterial cells[@b7][@b8]. These investigations by our group suggest that chemical compounds with high binding affinity to the *H. pylori* PE may confer selective antibacterial action against this bacterium.

Vitamin D~3~ is a steroidal compound in which the carbon-3 position in the seco-steroid frame is non-esterified with a side chain such as a fatty acid molecule. The carbon position-3 of two vitamin D~3~ metabolites, namely, the circulating form of vitamin D~3~ (25-hydroxyvitamin D~3~) and activated form of vitamin D~3~ (1α,25-dihydroxyvitamin D~3~), also lacks an acyl group in the seco-steroid frame. No earlier investigations, however, have elucidated the interaction of the three vitamin D~3~ species with *H. pylori* cells. We therefore analyzed the interaction of vitamin D~3~ species with *H. pylori* cells.

Results
=======

Antibacterial activities of three vitamin D~3~ species against *H. pylori*
--------------------------------------------------------------------------

When *H. pylori* without free cholesterol (FC) was incubated for 24 h in the presence of the vitamin D~3~ species at the concentrations ranging from 1 to 10 μM, every vitamin D~3~ species at the 5 μM concentration suppressed the CFU count to below the limits of detection ([Fig. 1b](#f1){ref-type="fig"}). In sum, all three vitamin D~3~ species tested exhibited the antibacterial action against *H. pylori*.

Alteration of the anti-*H. pylori* activities of the vitamin D~3~ species via non-biological degradations
---------------------------------------------------------------------------------------------------------

Seco-steroids are known to be structurally unstable compounds. Vitamin D~3~ is biologically metabolized or degraded via the catalytic action of hydroxylases of cytochrome P450 families such as CYP11A1, CYP27A1, CYP27B1 and CYP24A1[@b9]. In addition, vitamin D group has been shown to non-biologically decompose via the exposure to high humidity and high temperature[@b10]. This study adopted the non-biological degradation of vitamin D~3~ species and investigated the antibacterial activity of the degraded vitamin D~3~ species against *H. pylori*. We dispersed the three vitamin D~3~ species for 24 to 48 h into distilled water warmed at 70°C in order to decompose the compounds and analyze the decomposition by TLC. The TLC analysis detected conspicuous reductions in the spot densities of all three vitamin D~3~ species examined in both 24-h and 48-h incubations ([Fig. 2a](#f2){ref-type="fig"}). Each of vitamin D~3~ species decomposed via the 48-h incubation in distilled water (70°C) was added into a bacterial suspension of FC-free *H. pylori* and shaken for 2 h. The antibacterial actions of 25-hydroxyvitamin D~3~ and 1α,25-dihydroxyvitamin D~3~ against *H. pylori* were conspicuously attenuated by the heat degradation of the compounds. As a consequence, the CFU counts of *H. pylori* were reduced more in the presence of intact 25-hydroxyvitamin D~3~ or intact 1α,25-dihydroxyvitamin D~3~ than in the presence of decomposed 25-hydroxyvitamin D~3~ or decomposed 1α,25-dihydroxyvitamin D~3~ ([Fig. 2b](#f2){ref-type="fig"}). On this basis, 25-hydroxyvitamin D~3~ and 1α,25-dihydroxyvitamin D~3~ were found to directly act on *H. pylori* cells and ultimately eradicate them. Unlike 25-hydroxyvitamin D~3~ and 1α,25-dihydroxyvitamin D~3~, the heat-degraded vitamin D~3~ conferred a remarkably augmented antibacterial action against *H. pylori*. Hence, the CFU counts of *H. pylori* were reduced more in the presence of decomposed vitamin D~3~ than in the presence of intact vitamin D~3~. These results indicate that the antibacterial action of vitamin D~3~ against *H. pylori* depended on a certain decomposition product resulting from the warming of the vitamin D~3~ dispersed into the distilled water.

Antibacterial activities of vitamin D~3~ decomposition products against *H. pylori*
-----------------------------------------------------------------------------------

Next, we dispersed vitamin D~3~ for 1 week into distilled water warmed at 70°C to obtain vitamin D~3~ decomposition products (VDPs) in abundant amounts, divided the VDPs into four fractions by column chromatography, and investigated the anti-*H. pylori* activities in the divided fractions. When the FC-free *H. pylori* was incubated for 24 h in a broth containing a 0.5 μg/ml concentration of each VDP fraction, the most conspicuous decrease in CFU counts was observed in *H. pylori* incubated with VDP fraction-1. Next, we further divided the VDP fraction-1 into nine aliquots by column chromatography and investigated the anti-*H. pylori* activities in each of the aliquots. When FC-free *H. pylori* was incubated for 24 h in a broth containing a 0.5 μg/ml concentration of each aliquot, the most conspicuous reduction in CFU counts was observed in *H. pylori* incubated with aliquoted fraction 1--5 or 1--6 ([Fig. 3a](#f3){ref-type="fig"}).

Purification of VDP1 and VDP2 from the VDP fraction-1
-----------------------------------------------------

We next performed a 2-dimensional TLC analysis of the aliquots collected from the VDP fractions 1--5 and 1--6. The TLC analysis detected three high-density spots of VDP ([Fig. 3b](#f3){ref-type="fig"}). We then tried to purify the three VDPs via HPLC, and were successful in purifying two, VDP1 and VDP2 ([Fig. 3c](#f3){ref-type="fig"}). VDP3, the third VDP, seemed to be structurally unstable or to volatilize easily, as it disappeared during the purification.

Antibacterial activities of VDP1 and VDP2 against *H. pylori*
-------------------------------------------------------------

When FC-free *H. pylori* was incubated for 24 h in the presence of either VDP1 or VDP2 at concentrations ranging from 0.5 to 2 μg/ml, VDP1 at the 1 μg/ml concentration suppressed the CFU count of FC-free *H. pylori* to below the limits of detection ([Fig. 4a](#f4){ref-type="fig"}). VDP2 exerted a weaker antibacterial action against the FC-free *H. pylori* than VDP1. The CFUs were thus maintained at the baseline level even in the presence of VDP2 at the highest concentration, 2 μg/ml. Earlier studies by our group have demonstrated that *H. pylori* acquires resistance to the antimicrobial actions of phosphatidylcholines, antibiotics, and bile salts via the incorporation of FC into the cell membranes[@b11][@b12][@b13]. To investigate further in the present study, we examined the antibacterial activities of VDP1 and VDP2 against FC-retaining *H. pylori*. When the same experiments performed on FC-free *H. pylori* were performed on FC-retaining *H. pylori* in a broth containing 30 μM FC, VDP1 at the 2 μg/ml concentration suppressed the CFU count to below the limit of detection ([Fig. 4a](#f4){ref-type="fig"}). Meanwhile, the antibacterial effect of VDP2 against the FC-retaining *H. pylori* was completely abolished. Hence, the CFU count of this phenotypic *H. pylori* in the presence of VDP2 at the 2 μg/ml concentration was comparable to the CFU count in the absence of VDP2.

Binding affinity of VDP1 and VDP2 to PE vesicles
------------------------------------------------

Recent studies by our group have revealed that *H. pylori* PE carrying a myristic acid molecule plays an important role in the selective binding of non-esterified steroidal compounds at the carbon-3 position in its frame and that *H. pylori* cell membranes interact with those steroidal compounds via the mediation of the PE molecular species[@b6][@b7]. We next examined whether VDP1 and VDP2 derived from a steroidal compound (vitamin D~3~) have a higher binding affinity to PE molecular species carrying two myristic acid molecules (DMPE) than to PE molecular species carrying two palmitic acid molecules (DPPE). A suspension of PE vesicles containing Coomassie brilliant blue (CBB) prepared with either DMPE or DPPE was shaken for 2 h in the presence of the 10 μg/ml concentration of VDP1 or VDP2, and the absorbance of CBB eluted from the PE vesicles was measured in the supernatants at a wavelength of 590 nm. The level of CBB elution from DMPE vesicles incubated with VDP1 was statistically higher than the level of CBB elution from DPPE vesicles incubated with VDP1 ([Fig. 4b](#f4){ref-type="fig"}). This tell us that DMPE vesicles interact more strongly with VDP1 than DPPE vesicles, and that VDP1 destabilizes the vesicle structure of DMPE and induces CBB elution from the vesicles. In contrast, the levels of CBB elution from the DMPE and DPPE vesicles incubated with VDP2 did not statistically differ. Hence, VDP2 has a low binding affinity to both DPPE vesicles and DMPE vesicles. Given that PE is the most predominant glycerophospholipid in the cell membrane lipid compositions of *H. pylori*[@b14], and given that DMPE is one of the most prevalent PE molecular species of this bacterium[@b6], we can assume that VDP1 at least binds to the PE carrying two myristic acid molecules on the *H. pylori* cells. Based on the results shown in [Fig. 4](#f4){ref-type="fig"}, we paid attention to VDP1 and performed the detailed experiments for clarifying the anti-*H. pylori* activity of VDP1.

Bactericidal mechanism of VDP1 against *H. pylori*
--------------------------------------------------

*H. pylori* transforms morphologically from a helical shape to a coccoid shape when exposed to an anaerobic atmosphere[@b14]. When *H. pylori* altered to the coccoid shape is returned to a microaerophilic condition, the bacterium is incapable of recovering its helical shape or of forming colonies on an agar plate by a conventional culture procedure. To analyze the antibacterial mechanism of VDP1 against *H. pylori*, we performed another set of experiments under anaerobic conditions. When FC-retaining *H. pylori* was incubated for 48 h in the presence or absence of VDP1 (10 μg/ml) in PBS under anaerobic conditions, the CFUs were below the limits of detection regardless of the presence of VDP1 ([Fig. 5a](#f5){ref-type="fig"}). Meanwhile, the OD~660 nm~ of the bacterial suspension was statistically lower in the presence of VDP1 than in its absence ([Fig. 5b](#f5){ref-type="fig"}). To investigate whether the bacterial cells had lysed via the action of VDP1, as this result implied, we observed the cellular shapes in the bacterial suspensions under a microscope. The bacterial cells before the incubation under anaerobic conditions were rod-like in shape ([Fig. 5c](#f5){ref-type="fig"}). Yet in the bacterial suspension incubated without VDP1, the *H. pylori* cells changed to a coccoid shape after 48 h of incubation under anaerobic conditions. Meanwhile, the *H. pylori* cells in the bacterial suspension incubated with VDP1 for 48 h under the same conditions degraded into cellular debris. We next measured the amounts of FC in the cell supernatants of the FC-retaining *H. pylori* incubated for 48 h in the presence or absence of VDP1. The FC in the cell supernatants incubated with VDP1 was statistically more abundant than the FC in the cell supernatants incubated without VDP1 ([Fig. 5d](#f5){ref-type="fig"}). In sum, VDP1 induced a leakage of FC from the cell membranes of *H. pylori*. These results, together with the result of [Fig. 4b](#f4){ref-type="fig"}, indicate that VDP1 binds to the DMPE of *H. pylori* membrane lipid compositions, destabilizes its membrane structures, and ultimately lyses the bacterial cells.

Chemical structure of VDP1
--------------------------

The analysis of both ^1^H-NMR and ^13^C-NMR identified VDP1 with Grundmann\'s ketone, (1R,3aR,7aR)-1-\[(1R)-1,5-dimethylhexyl\]octahydro-7a-methyl-4*H*-inden-4-one, which was obtained via the oxidative reaction of vitamin D~3~ catalyzed by ruthenium ([Fig. 6a](#f6){ref-type="fig"}). The NMR spectra of the purified VDP1 were detected as follows: ^1^H NMR (500 MHz, CDCl~3~) δ 2.44 (dd, J = 11.8, 7 Hz, 1H), 2.26 (ddd, J = 14.2, 6.0, 2.0 Hz, 1H), 2.22 (m, 1H), 2.12 (ddd, J = 13.1, 9.6, 2.8 Hz, 1H), 2.00 (m, 1H), 1.90 (m, 2H), 1.72 (m, 1H), 1.52 (m, 3H), 1.42 (m, 2H), 1.34 (m, 2H), 1.30 (m, 1H), 1.14 (m, 3H), 1.04 (m, 1H), 0.95 (d, J = 6.3 Hz, 3H), 0.87 (d, J = 2.3 Hz, 3H), 0.87 (d, J = 2.3 Hz, 3H), 0.64 (s, 3H); ^13^C NMR (125 MHz, CDCl~3~) δ 212.5, 62.2, 56.9, 50.1, 41.2, 39.6, 39.1, 36.2, 35.7, 28.1, 27.7, 24.2, 24.0, 23.0, 22.7, 19.2, 18.9, 12.6. Meanwhile, the NMR spectra of the synthesized VDP1 were detected as follows: ^1^H NMR (500 MHz, CDCl~3~) δ 2.45 (dd, J = 11.8, 7 Hz, 1H), 2.27 (ddd, J = 14.2, 6.0, 2.0 Hz, 1H), 2.22 (m, 1H), 2.12 (ddd, J = 13.1, 9.6, 2.8 Hz, 1H), 2.00 (m, 1H), 1.90 (m, 2H), 1.72 (m, 1H), 1.57 (m, 1H), 1.52 (m, 2H), 1.42 (m, 1H), 1.39 (m, 1H), 1.34 (m, 2H), 1.30 (m, 1H), 1.14 (m, 3H), 1.04 (m, 1H), 0.95 (d, J = 6.3 Hz, 3H), 0.87 (d, J = 2.3 Hz, 3H), 0.87 (d, J = 2.3 Hz, 3H), 0.64 (s, 3H); ^13^C NMR (125 MHz, CDCl~3~) δ 212.4, 62.2, 56.9, 50.1, 41.1, 39.6, 39.1, 36.1, 35.7, 28.1, 27.7, 24.2, 24.0, 23.0, 22.7, 19.2, 18.9, 12.6 (see [Supplementary Figs. S1 and S2](#s1){ref-type="supplementary-material"}).

Antibacterial activity of synthetic VDP1 against *H. pylori* and other bacteria
-------------------------------------------------------------------------------

We next confirmed whether the VDP1 itself was the source of the bactericidal action against *H. pylori*, using a chemical synthetic VDP1 generated from the oxidative reaction of vitamin D~3~. We first examined the minimum inhibitory concentration (MIC) of chemical synthetic VDP1 for *H. pylori* by the agar plate dilution method. The MIC of 1α,25-dihydroxyvitamin D~3~ for the FC-retaining *H. pylori* was 1.25 μg/ml (3 μM). Yet, the MIC of chemical synthetic VDP1 for the same phenotypic *H. pylori* required larger concentration than the 5 μg/ml concentration (\>19 μM) ([Fig. 6b](#f6){ref-type="fig"}). In sum, the conventional agar plate dilution method was unsuitable for the determination of MIC of VDP1 for *H. pylori*. Therefore, we adopted the broth dilution method for determination of the minimum bactericidal concentration (MBC) of VDP1 that completely kills the 10^6^ CFU of *H. pylori*. As observed with the purified VDP1, the chemical synthetic VDP1 also exerted antimicrobial action against FC-retaining *H. pylori*. The CFUs of five *H. pylori* strains incubated for 24 h in the presence of synthetic VDP1 at concentrations from 1.5 to 2.5 μg/ml were therefore below the limits of detection ([Fig. 6c](#f6){ref-type="fig"}). Meanwhile, another seven bacteria, namely *E. coli*, *S. aureus*, *P. aeruginosa*, *K. pneumoniae*, *P. mirabilis*, *S. marcescens* and *S. enterica* subsp. *enterica* serovar Typhimurium were entirely unaffected by any antibacterial action of the synthetic VDP1. Even in the presence of VDP1 at a 50 μg/ml concentration, the CFU counts of these bacterial species were comparable to the counts in the absence of VDP1. Thus, *H. pylori* turned out to be tremendously more susceptible to VDP1 than the other bacterial species. This is likely to be explained by the difference in the predominant fatty acid molecules attached to the PE of the respective bacteria: myristic acid is the predominant molecule attached to *H. pylori* PE, while palmitic acid is the predominant molecule attached to the PE of all of the other bacteria except for *S. aureus* that does not possess PE[@b15][@b16][@b17][@b18][@b19][@b20][@b21].

Bactericidal capability of synthetic VDP1 against *H. pylori*
-------------------------------------------------------------

We next assessed the ability of VDP1 to eradicate *H. pylori* compared to amoxicillin and kanamycin, antibiotics that disturb bacterial metabolism. According to measurements of the CFUs of the FC-retaining *H. pylori* along the time axis of incubation in the presence of a 2 μg/ml concentration of VDP1, amoxicillin, or kanamycin, VDP1 conferred a more rapid bactericidal action against *H. pylori* than the other two antibiotics ([Fig. 6d](#f6){ref-type="fig"}). This result demonstrates that VDP1 directly injures the cell membranes of *H. pylori* without necessarily inhibiting the cellular metabolism.

Influence of synthetic VDP1 on the viability of MKN45 cells and T47D cells
--------------------------------------------------------------------------

We next examined whether the synthetic VDP1 has toxic effects against cell lines of human gastric cancer (MKN45) and breast cancer (T47D). MKN45 cells or T47D cells were incubated for 72 h in the presence of VDP1 at concentrations ranging from 2 to 10 μM, for estimation of the cell viability by MTT assay. VDP1 had no influence on the viability of either MKN45 cells or T47D cells: the cells incubated in the presence of VDP1 at every concentration proliferated to a degree comparable to the same cells incubated without VDP1 ([Fig. 7a](#f7){ref-type="fig"}). This finding confirms that VDP1 is incapable of eliciting toxicity against human cancer cell lines, and it furthermore suggests that any cytotoxic side effects from VDP1 are likely to be extremely weak in human cells.

Inability of VDP1 to induce a vitamin D~3~-like activation of T47D cells
------------------------------------------------------------------------

An 1α,25-dihydroxyvitamin D~3~ induces the formation of a heterodimer consisting of vitamin D receptor (VDR) and retinoid X receptor (RXR) inside the nucleus of the mammalian cell. A recent study has demonstrated that 1α,25-dihydroxyvitamin D~3~ is capable of binding to retinoic acid-related orphan receptors α and γ (RORα and RORγ)[@b22]. The VDR-RXR coupled with 1α,25-dihydroxyvitamin D~3~ binds to the vitamin D~3~ response elements (VDREs) located 5′-upstream from the target genes, acts as a transcriptional factor, and up-regulates the gene expression of various proteins such as caspases and TRPV6[@b23][@b24][@b25][@b26][@b27][@b28][@b29][@b30]. Caspases increase the expression levels of caspase-cleaved keratin 18 (ccK18), a cytokeratin associated with cell apoptosis[@b31][@b32]. In sum, 1α,25-dihydroxyvitamin D~3~ is capable of eliciting increases in the production of ccK18 and TRPV6 proteins in human cells. Incidentally, ROR monomer coupled with 1α,25-dihydroxyvitamin D~3~ interacts with the gene sequences of ROR responsive element (RORE) and inhibits the expression of the target genes[@b22]. To examine whether synthetic VDP1 exhibits a vitamin D~3~-like action, we stimulated T47D cells for 72 h with either VDP1 or 1α,25-dihydroxyvitamin D~3~ and analyzed the expression levels of ccK18 and TRPV6. The level of ccK18 protein in T47D cells stimulated with 1α,25-dihydroxyvitamin D~3~ was higher than that in cells stimulated with VDP1, while the level of cck18 in T47D cells stimulated with VDP1 was comparable to the level in un-stimulated cells ([Fig. 7b](#f7){ref-type="fig"}). As seen in the experiments with ccK18, the protein band of TRPV6 was denser in T47D cells stimulated with 1α,25-dihydroxyvitamin D~3~ than in cells without stimulation, but the level of TRPV6 protein detected in T47D cells stimulated with VDP1 was comparable to the level of its protein detected in un-stimulated cells ([Fig. 7c](#f7){ref-type="fig"}). These results suggest the possibility that VDP1 is incapable of activating human cells, as was observed with 1α,25-dihydroxyvitamin D~3~.

Discussion
==========

A recent study by another group has reported that a relatively large amount of the Grundmann\'s ketone derivative dotted into a paper disk shows the antimicrobial action especially against fungi and Gram-positive bacteria on the agar plate[@b33]. The above-mentioned study, however, examined neither the antibacterial activity of its Grundmann\'s ketone derivative against *H. pylori* nor the antimicrobial activity of Grundmann\'s ketone (VDP1) itself. This study demonstrated the anti-*H. pylori* activity of VDP1 itself, although the MIC of VDP1 for *H. pylori* was incapable of measuring by the conventional agar plate dilution method. The Grundmann\'s ketone derivative investigated by another group has a positive charge due to the amine in its detergent-like structure and is therefore guessed to diffuse even into the agar plate from the paper disk. Meanwhile, VDP1 is a high non-polar ketone compound. On this basis, VDP1 may be difficult to extensively diffuse into the agar plate. Therefore, the agar plate dilution method seems to be unsuitable for the decision of MICs of VDP1 for the bacteria. Incidentally, given that the polarity of 1α,25-dihydroxyvitamin D~3~ is higher than that of VDP1 due to the three hydroxyl groups in its seco-steroid frame, we can assume that 1α,25-dihydroxyvitamin D~3~ diffuses more extensively than VDP1 into the agar plate. We will need to synthesize such new VDP1 derivatives as reported by another group[@b33] to compare the agar diffusion of the VDP1 derivatives with that of VDP1 itself.

An earlier study by another group has shown that elderly women who had been supplied a vitamin D~3~ analogue had a lower rate of *H. pylori* infection than elderly women without the analogue, though it was unclear whether the analogue had exerted a direct antibacterial action against the *H. pylori*[@b34]. The present study demonstrated that intact compounds of both 25-hydroxyvitamin D~3~ and 1α,25-dihydroxyvitamin D~3~ exerted antibacterial actions against *H. pylori* without FC. Our findings also confirmed that the two vitamin D~3~ metabolites are capable of eradicating the FC-retaining *H. pylori* (data not shown). Hence, we have discovered that 25-hydroxyvitamin D~3~ and 1α,25-dihydroxyvitamin D~3~ confer a novel biological action that is clearly distinct from the hormonal action on mammals[@b35][@b36][@b37][@b38][@b39][@b40][@b41][@b42][@b43]. The colonization of the human stomach by *H. pylori* is accomplished in childhood. We know this because the gut immunities of children are still incomplete[@b44][@b45]. Serum 25-hydroxyvitamin D~3~ levels in childhood vary between the pediatric populations investigated, and children with extremely low 25-hydroxyvitamin D~3~ levels in serum are commonly observed[@b46][@b47]. This may suggest that low 25-hydroxyvitamin D~3~ levels in serum are correlated with the incidence of *H. pylori*-infection in childhood. The goal for future studies will be to elucidate the detailed antibacterial mechanism of 25-hydroxyvitamin D~3~ and 1α,25-dihydroxyvitamin D~3~ against *H. pylori* and to analyze the epidemiological relationship between serum 25-hydroxyvitamin D~3~ levels and *H. pylori*-infection in children.

This study elucidated the bactericidal effect of VDP1 (Grundmann\'s ketone) against *H. pylori* *in vitro*. In the next stage, experiments using animal models will be essential to estimate the treatment effect of VDP1 on *H. pylori*-infected hosts and to investigate the side effects of the vitamin D~3~ decomposition product on mammals. We will also need to examine whether other bacterial species from the genus *Helicobacter* are susceptible to the bactericidal action of VDP1.

Methods
=======

Bacterial culture
-----------------

Bacteria were cultured in a pleuropneumonia-like organisms (PPLO) broth (Difco Laboratories, Detroit MI) at 37°C in a Concept 400 microaerophilic chamber (10% CO~2~, 5% O~2~ and 85% N~2~) (Ruskinm Technology, Leeds, UK).

Colony-forming units (CFUs)
---------------------------

Bacterial suspensions (100 μl) prepared in 10-fold serial dilutions using a PPLO broth were spread on brain-heart infusion agar (Difco Laboratories) plates containing 5% horse serum (Gibco, Auckland, NZ), and cultured for 1 week in the microaerophilic chamber. The bacterial colonies grown were counted on the agar plates spread with appropriate bacterial cell diluents to calculate the log~10~ CFU/ml.

Bacterial cell density (OD~660 nm~)
-----------------------------------

Bacterial suspensions (200 μl) were measured at a wavelength of 660 nm. PBS was used as the medium of bacterial suspension.

Microscopic observation
-----------------------

Bacterial cells suspended in PBS (10 μl) were applied on a glass slide, dried at room temperature, and stained for 10 min with Coomassie brilliant blue (CBB) solution (0.05% CBB, 9% acetate, 45.5% methanol).

Analysis of the hydrophobic compounds
-------------------------------------

Solvents of chloroform-methanol (2:1) were added at 5-fold volume to an aqueous solution in a glass bottle and intensely shaken. The mixed medium of water and organic solvents was re-separated into two liquid phases via incubation for 24 h at 4°C. After the upper liquid phase was removed, the solvents of the lower liquid phase were vaporized under nitrogen airflow or via use of a rotary evaporator to obtain the hydrophobic compounds. To analyze the hydrophobic compounds via thin-layer chromatography (TLC), the specimens dissolved in a chloroform-methanol (2:1) solution (40 μl) were dotted onto a Silica Gel 60 plate (Merck, Darmstadt, Germany) and fractionated on the plate surface with the developing solvents. After the TLC, the plate was sprayed with a 60% sulfuric acid solution and heated at 120 to 180°C to visualize the spots of the components on the TLC plate surface.

Quantification of free cholesterol (FC)
---------------------------------------

Lipid specimens dissolved in acetic acid solution (600 μl) were added to a ferrous chloride-sulfuric acid reagent \[phosphoric acid-sulfuric acid (2:25) solution containing 0.2% FeCl~2~-6H~2~O\] solution (400 μl), thoroughly stirred, and incubated for 15 min at room temperature. After color reaction and cooling, the absorbance (A~550 nm~) of the mixed solution (200 μl) was measured at a wavelength of 550 nm. The amounts of FC in the specimens were quantified based on an FC standard curve calculated from the A~550 nm~ (y axis) and known FC amounts (x axis).

Preparation of a phosphatidylethanolamine (PE) vesicle suspension containing CBB
--------------------------------------------------------------------------------

A powder (15 mg) of dimyristoyl PE (DMPE: Sigma-Aldrich Inc., MO) or dipalmitoyl PE (DPPE: Sigma-Aldrich Inc.) dispersed into a 50 mM Tris (pH 7.5) buffer (4 ml) containing 150 mM sucrose was sonicated for 6 to 8 h in a cold sonicator of the bucket type. After confirmation of the PE vesicle formation via microscopic observation, the PE vesicles were washed three times with a 50 mM Tris (pH 7.5) buffer (1 ml) via centrifugation (10000 × g, 5 min), suspended in the same buffer (2 ml) containing 0.1% CBB, sonicated for 1 h, and shaken overnight at 4°C. After the PE vesicle suspension containing CBB was washed three times with a 50 mM Tris (pH 7.5) buffer via centrifugation (10000 × g, 5 min), a PE vesicle suspension of the same buffer (100 μl) was adjusted to a value of 2 in the OD~660 nm~ and stored at −20°C until use in experiments.

Vitamin D~3~ species and others
-------------------------------

Vitamin D~3~ from Wako Pure Chemical Industries Ltd. (Tokyo, Japan), circulating-form of vitamin D~3~ (25-hydroxyvitamin D~3~) from Enzo Life Sciences Inc. (NY), or activated form of vitamin D~3~ (1α,25-dihydroxyvitamin D~3~) from Cayman Chemical Co. (MI) was dissolved in ethanol at a 5 mM concentration and stored as stock solution at −80°C. The 0.2% concentration of ethanol had no influence on the survival of either bacteria or human cells. Two antibiotics, namely, kanamycin sulfate from EMD Biosciences Inc. (CA), and amoxicillin from Sigma-Aldrich Inc., were respectively dissolved in distilled water at 1 mg/ml concentrations and stored at 4 or −30°C as stock solutions.

Assay of bacterial growth
-------------------------

Bacteria were shaken in the presence of various concentrations of antibacterial substances in either PPLO broth alone (1.5 ml) or PPLO broth (1.5 ml) containing a 30 μM concentration of FC in the microaerophilic chamber, and the CFUs were measured. Five *H. pylori* strains were investigated: NCTC 11638, ATCC 43504, 26695, and clinical isolates A-13 and A-19. Two phenotypes of *H. pylori* were used: FC-free cells and FC-retaining cells. The FC-free *H. pylori* were prepared by the culture procedure without FC. The FC-retaining *H. pylori* were prepared by culturing for three generations in the presence of FC (Wako Pure Chemical Industries Ltd.) at a 30 μM concentration. Seven typical bacterial strains maintained for many years in our laboratory were also used in this assay: *Escherichia coli*, *Staphylococcus aureus*, *Pseudomonas aeruginosa*, *Klebsiella pneumoniae*, *Proteus mirabilis*, *Serratia marcescens*, and *Salmonella enterica* subsp. *enterica* serovar Typhimurium.

Non-biological degradation of vitamin D~3~ species
--------------------------------------------------

Each of the vitamin D~3~ species (150 nmol) was stirred for 24 to 48 h in distilled water (1.5 ml) at 70°C, recovered by the organic solvent distribution method described in the section on the analysis of hydrophobic compounds, subjected to TLC with a chloroform-acetone-methanol (9:1:1) solvent system to analyze its degradation. Next, the decomposition products obtained from each vitamin D~3~ species were dispersed into the bacterial suspensions (1.5 ml) of the *H. pylori* strain NCTC 11638 and were shaken for 2 h in the microaerophilic chamber to count the CFUs.

Purification of vitamin D~3~ decomposition products 1 and 2 (VDP1 and VDP2)
---------------------------------------------------------------------------

Vitamin D~3~ (100 mg) was dispersed into distilled water (100 ml) and incubated for 1 week at 70°C to obtain its decomposition products (VDPs), and the VDPs were then recovered via the organic solvent distribution method and dissolved in a chloroform solvent (1 ml). After the VDP solution was applied onto an Iatrobead 6RS-8060 (Mitsubishi Kagaku Iatron Inc., Tokyo, Japan) column (1-cm diameter, 5-cm height) activated with a chloroform solvent, the VDPs were divided into four fractions respectively eluted with a chloroform solvent (10 ml), chloroform-acetone (9:1) solvents (10 ml), chloroform-acetone (7:3) solvents (10 ml), and chloroform-acetone (4:6) solvents (10 ml), and dried using a rotary evaporator.

Next, the VDP fraction eluted with the chloroform solvent was further divided into nine aliquots (500 μl/tube) eluted with diethylether-chloroform (7:3) solvents using the same Iatrobead 6RS-8060-column, and dried using a rotary evaporator. Two-dimensional TLC was carried out to confirm VDP1 and VDP2 using hexane-diethylether (6:4) solvents and then hexane-ethylacetate (10:1) solvents.

Next, the aliquots containing VDP1 and VDP2 were collected and applied onto a Purif Pack SI30 Flash column (size 20, 2-cm diameter, 6-cm height) (Shoko Scientific, Kanagawa, Japan). The VDP1 and VDP2 were eluted from the column at a flow velocity of 15 ml/min using a hexane solvent containing ethylacetate with concentration gradient, and the chromatograms of eluates were monitored by measuring the absorbance (A~254 nm~) at a wavelength of 254 nm (ChemGenesis Inc., Tokyo, Japan).

Finally, VDP1 and VDP2 were purified by high-performance liquid chromatography (HPLC) using a GL Science Inertsil SIL 100A column (2-cm diameter, 25-cm height; GL Sciences Inc., Tokyo, Japan). The HPLC was carried out at a flow velocity of 20 ml/min using a hexane solvent containing 3% ethylacetate by monitoring the chromatograms of eluates measured with A~254 nm~ (ChemGenesis Inc.). The purity of VDP1 and VDP2 after the HPLC application was confirmed by TLC analysis with a hexane-ethylacetate (10:1) solvent system. The purified VDP1 and VDP2 were dissolved in ethanol solution and stored at −80°C until use in experiments.

Analysis of the interaction of VDP1 and VDP2 with the PE vesicles
-----------------------------------------------------------------

A PE vesicle suspension (50 μl) prepared by the method described in the section on preparing the phosphatidylethanolamine (PE) vesicle suspension containing CBB was added into a 50 mM Tris (pH 7.5) buffer (1.45 ml) containing 15 μg of either VDP1 or VDP2, and shaken for 2 h at 37°C. After the PE vesicles were removed via centrifugation (10000 × g, 5 min), the absorbance of the supernatant (200 μl) was measured at a wavelength of 590 nm to detect the elution of CBB from the PE vesicles.

Analysis of the anti-*H. pylori* mechanism of VDP1
--------------------------------------------------

A bacterial suspension (200 μl) of *H. pylori* strain NCTC 11638 was cultured for 24 h with shaking in a PPLO broth (10 ml) containing a 30 μM concentration of FC and 10 μM concentration of 2,6-di-*O*-methyl-β-cyclodextrin (dMβCD: Sigma-Aldrich Inc.) in the microaerophilic chamber. This culture procedure was repeated three times to prepare the FC-retaining *H. pylori* cells. After three washes with PBS by centrifugation (10000 × g, 5 min), the bacterial cells (10^9^ CFU) were suspended in PBS (5 ml) containing dMβCD (30 μM) and shaken for 48 h in the presence or absence of VDP1 (10 μg/ml) at 37°C in a box filled with anaerobic gas using an AnaeroPack (Mitsubishi Gas Chemical Co., Inc., Tokyo, Japan). The CFUs were counted, the OD~660 nm~ of the bacterial suspension (200 μl) was measured and the bacterial cells stained with CBB were observed. After filtrating the bacterial suspension (4 ml) through a GDXS 25 syringe filter (Whatman, Buckinghamshire, UK), the lipids from the *H. pylori* cells were extracted from the filtrates by the organic solvent distribution method to measure the FC amounts released from the cell membranes.

Analysis of the chemical structure of VDP1
------------------------------------------

Nuclear magnetic resonance (NMR) spectra were recorded on 500 MHz for ^1^H and 125 MHz for ^13^C in the indicated solvent using a Model ECA-500 (JEOL Ltd., Tokyo, Japan). Chemical shifts were reported in parts per million (ppm) relative to the signal (0 ppm) for internal tetramethylsilane in CDCl~3~. ^1^H-NMR spectral data were reported as follows: CDCl~3~ (7.26 ppm). ^13^C-NMR spectral data were reported as follows: CDCl~3~ (77.0 ppm).

Chemical synthesis of VDP1
--------------------------

To the stir solution of a catalytic amount of RuCl~3~ and NaIO~4~ (1.22 mmol) in ethylacetate-acetonitrile-water (3:3:1) at 0°C, vitamin D~3~ (0.78 mmol) from Wako Pure Chemical Industries Ltd. was added. After stirred for 5 h at room temperature, the reaction mixture was diluted with hexane, quenched with 10% aq. Na~2~S~2~O~3~, and the aqueous layer was extracted with two portions of hexane. The combined extract was washed with brine and evaporated *in vacuo*. The residue was chromatographed on a silica gel (Merck) with hexane-ethylacetate (4:1) to give VDP1 (Grundmann\'s ketone) from the aqueous layer (see [Supplementary Fig. S3](#s1){ref-type="supplementary-material"})[@b48][@b49][@b50]. The mass spectrum of the synthetic VDP1 was detected via the gas chromatography-mass spectrometry (GC-MS) using a JMS-Q1000GCMkII system (JEOL Ltd.) in order to be compared to the mass spectrum of the VDP1 described in the section on purifying the vitamin D~3~ decomposition products 1 and 2 (VDP1 and VDP2) (see [Supplementary Fig. S4](#s1){ref-type="supplementary-material"}).

Measurement of minimum inhibitory concentrations (MICs)
-------------------------------------------------------

Various concentrations of specimens were added to the 30 μM FC-dispersed PPLO agar plates. The bacterial suspension (10 μl) of FC-retaining *H. pylori* (10^8^ CFU/ml) was dropped onto the agar plates and incubated for 1 week under microaerobic conditions at 37°C. After incubation, the MICs of the specimens for *H. pylori* were measured by confirming the growth of colonies on the agar plates. Two independent experiments were performed to determine the MICs.

Analysis of cytotoxicity of VDP1
--------------------------------

Human breast cancer T47D cells from DS Pharma Biomedical Co., Ltd. (Osaka, Japan) and human gastric cancer MKN45 cells from GeneticLab Co., Ltd. (Sapporo, Japan) were maintained in an RPMI 1640 (10% FCS-RPMI) medium (Sigma-Aldrich Inc.) supplemented with 10% heat-inactivated fetal calf serum (FCS: Gibco), 10 mM HEPES, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin and 0.2% NaHCO~3~ in a humidified chamber at 37°C filled with a 5% CO~2~ gas. After the cells were washed once with PBS and adjusted to 10^5.3^ cell/ml using an RPMI 1640 medium supplemented with 2.5% FCS in place of 10% FCS, the cell suspension (100 μl) was inoculated into the same medium (100 μl) containing VDP1 at various concentrations and incubated for 72 h at 37°C in the 5% CO~2~ incubator. A 20 μl volume of MTT (Sigma-Aldrich Inc.) reagent (5 mg/ml in PBS) was added into the cell cultures in the final 4 h of the 72-h incubation. After the cell supernatant was removed, the cells were lysed in an isopropanol solution (200 μl) containing 5% formic acid in order to solubilize the formazan blue crystals produced from the viable cells, and the absorbance of formazan blue solution (150 μl) was measured at a wavelength of 540 nm.

Detection of caspase-cleaved keratin 18 (ccK18)
-----------------------------------------------

T47D cells adjusted to 10^5.5^ cell/ml using 10% FCS-RPMI medium (1 ml) were incubated for 72 h in the presence of various concentrations of either VDP1 or 1α,25-dihydroxyvitamin D~3~ at 37°C in the 5% CO~2~ incubator, and the culture supernatants were then recovered. The ccK18 in the culture supernatants was detected using a M30 CytoDeath ELISA kit (Peviva AB, Stockholm, Sweden) according to the manufacturer\'s instructions.

Detection of transient receptor potential vanilloid type 6 (TRPV6) protein
--------------------------------------------------------------------------

After T47D cells were cultured by the same method described in the section on detecting caspase-cleaved keratin 18 (ccK18), the culture supernatant was removed and the cells were lysed in a 50 mM Tris (pH 6.8) buffer (100 μl) containing 5% glycerol, 0.002% bromophenol blue (BPB), 2% sodium dodecyl sulfate (SDS), and 40 mM dithiothreitol (DTT). Cell lysates (5 μl) were electrophoresed in a 0.1% SDS-12.5% polyacrylamide gel to separate the proteins (SDS-PAGE). The proteins were then stained with CBB solution or transferred onto a Clear Blot P-membrane (p-membrane: ATTO Co., Tokyo, Japan) activated with a Tris-glycine buffer (100 mM Tris, 192 mM glycine, 5% methanol) using a blotting device (ATTO Co.). The p-membrane was shaken overnight in 20 mM Tris (pH 7.6) buffered saline (TBS) containing 1% skim milk at 25°C, and shaken for 2 h in the presence of anti-TRPV6 rabbit IgG polyclonal antibody (Santa Cruz Biotechnology Inc., CA) in a reaction buffer (0.1% skim milk, 0.1% Tween 20 in TBS) at 25°C. The p-membrane was then washed three times with Tween 20-TBS (0.1% Tween 20 in TBS) and shaken for 2 h at 25°C in the presence of horseradish peroxidase (HRP) conjugate anti-rabbit IgG polyclonal antibody (Cell Signaling Technology Inc., MA) in the reaction buffer. After further washes of the p-membrane in Tween 20-TBS (three tines), TBS (twice), and distilled water (once), the enzymatic substrate reaction of HRP was developed on the p-membrane in a 100 mM Tris (pH 7.5) buffer containing 0.04% H~2~O~2~ and 0.027% DAB (3,3′-diaminobenzidine-tetra-hydrochloride-dihydrate), and the reaction was stopped by a wash in water.
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![Antibacterial activities of the three vitamin D~3~ species against *H. pylori*.\
(a) The chemical structures of vitamin D~3~ (D~3~), 25-hydroxyvitamin D~3~ (25D~3~), and 1α,25-dihydoxyvitamin D~3~ (1,25D~3~). (b) FC-free *H. pylori* strain NCTC 11638 was incubated for 24 h in the presence of each D~3~ species in a broth, and the CFUs were counted. The gray bars in the graphs represent the baseline CFU count measured immediately after the incubation was started. Three independent experiments with the respective D~3~ species were performed to calculate the mean CFU ± SD per ml.](srep08860-f1){#f1}

![Antibacterial activities of decomposed vitamin D~3~ species against *H. pylori*.\
(a) Three vitamin D~3~ species dispersed into distilled water were incubated for 24 to 48 h at 70°C, recovered via the organic solvent distribution method, and analyzed by TLC. D~3~, vitamin D~3~; 25D~3~, 25-hydroxyvitamin D~3~; 1,25D~3~, 1α,25-dihydroxyvitamin D~3~. (b) The decomposition products obtained from the 48-h incubation of the experiments described in panel (a) were incubated for 2 h in the bacterial suspensions of FC-free *H. pylori*, and the CFUs were then counted. The minus and plus symbols in the graph are the CFU levels of *H. pylori* incubated in the presence of the intact D~3~ species and decomposed D~3~ species, respectively. The control in the graph is the CFU level of *H. pylori* incubated without any D~3~ specimens. The dashed line bar in the graph represents the baseline CFU measured immediately after the incubation was started. Three independent experiments with the respective D~3~ species were performed to calculate the mean CFU ± SD per ml.](srep08860-f2){#f2}

![Anti-*H. pylori* activities in the aliquots of VDP fraction-1, and TLC analysis of VDP1 and VDP2.\
(a) FC-free *H. pylori* was incubated for 24 h in a broth containing aliquoted fraction-1 to measure the CFUs. The dashed line bar in the graph represents the baseline CFU count. Three independent experiments were performed to calculate the mean CFU ± SD per ml. (b) The collected fractions 1--5 and 1--6 (200 μg) were analyzed by 2-dimensional TLC. (c) The purified VDP1 (50 μg) and VDP2 (50 μg) were analyzed by TLC.](srep08860-f3){#f3}

![Anti-*H. pylori* action of the purified VDP1 and VDP2, and interaction of the VDPs with the PE vesicles.\
(a) FC-free *H. pylori* or FC-retaining *H. pylori* was incubated for 24 h in the presence of either VDP1 or VDP2 in a broth with or without FC (30 μM), and the CFUs were counted. The gray bars in the graphs represent the baseline CFU counts. The mean CFU ± SD per ml was obtained from three independent experiments. (b) PE vesicle suspensions containing CBB were shaken for 2 h in the presence of either VDP1 or VDP2, and A~590 nm~ was measured in the supernatant. CBB elution was denoted by the relative A~590 nm~ to the A~590 nm~ measured as a value of 1 in the supernatant of the PE vesicles incubated without VDPs. The statistical significance of differences between the CBB elutions from the DMPE vesicles and DPPE vesicles was evaluated by the *t*-test based on data obtained from three independent pair-experiments. N.S. stands for "no statistical significance".](srep08860-f4){#f4}

![Cell lysis of *H. pylori* induced by the action of VDP1.\
(a) FC-retaining *H. pylori* was incubated for 48 h in the presence or absence of VDP1 at a 10 μg/ml concentration in PBS containing dMβCD (30 μM) under an anaerobic condition, and the CFUs were counted. Three independent experiments were carried out to calculate the mean CFU ± SD per ml. (b) The OD~660 nm~ of bacterial suspensions was measured after performing the same experiment described in panel (a). The statistical significance of differences in OD~660 nm~ between the bacterial suspensions in the presence and absence of VDP1 was evaluated by the *t*-test based on data obtained from three independent pair-experiments. (c) *H. pylori* cells obtained from the experiment described in panel (a) were microscopically observed. (d) The cell membrane lipids of FC-retaining *H. pylori* were extracted from the bacterial cell supernatant obtained from the same experiment described in panel (a), in order to quantify the FC amounts via the ferrous chloride-sulfuric acid method. The statistical significance of differences in FC amounts detected in the bacterial cell supernatants in the presence and absence of VDP1 was evaluated by the *t*-test based on data obtained from three independent pair-experiments. The "0 h" in panels (a), (b), (c) and (d) indicates the CFU, OD~660 nm~, bacterial shape, and FC amount analyzed immediately before exposure to the anaerobic atmosphere, respectively.](srep08860-f5){#f5}

![Anti-*H. pylori* activity of synthetic VDP1.\
(a) Chemical structure of VDP1. (b) The minimum inhibitory concentrations (MICs) of VDP1 and 1α,25-dihydroxyvitamin D~3~ (1,25D~3~) for the FC-retaining *H. pylori* strain NCTC 11638. (c) Eight bacterial species (10^7^ CFU/ml), including five strains of *H. pylori*, were incubated for 24 h in a broth (1.5 ml) containing various concentrations of VDP1 in addition to 30 μM FC. After the incubation, the CFUs were counted to determine the minimum bactericidal concentrations (MBCs) that completely eradicate the 10^6^ CFU of bacteria. Seven bacterial species were used in the experiment: *S. aureus*, *E. coli*, *Salmonella*, *K. pneumoniae*, *P. mirabilis*, *S. marcescens* and *P. aeruginosa*. (d) The FC-retaining *H. pylori* strain NCTC 11638 was incubated for 0.5 to 2 h in the presence of a 2 μg/ml concentration of VDP1, amoxicillin (AX) or kanamycin (KM) in a broth (1.5 ml) containing 30 μM FC, and the CFUs were counted. The mean CFU ± SD per ml was calculated from three independent experiments.](srep08860-f6){#f6}

![Lack of toxicity and vitamin D~3~-like activity of VDP1 against human cells.\
(a) MKN45 cells or T47D cells were incubated for 72 h in the presence of VDP1 at the concentration ranges bactericidal to *H. pylori* in order to estimate the cell viability by MTT assay. The cell viabilities obtained from experiments performed in triplicate to calculate the mean value ± SD are denoted by the relative A~540 nm~ in comparison with the value of 1 at the A~540 nm~ of the viability of the cells incubated without VDP1. (b) Caspase-cleaved keratin 18 (ccK18) was detected in the culture supernatant of T47D cells stimulated for 72 h with either VDP1 or 1α,25-dihydroxyvitamin D~3~ (1,25D~3~). The statistical significance of ccK18 amounts between the cells with or without stimulation was evaluated via the *t*-test based on data obtained from three independent pair-experiments. N.S. stands for "no statistical significance". (c) Transient receptor potential vanilloid type 6 (TRPV6) protein was detected in the lysates of T47D cells stimulated with either VDP1 (1 μM) or 1,25D~3~ (1 μM). The left-hand panel shows the SDS-PAGE profiles of proteins stained by CBB. The right-hand panel shows the TRPV6 protein profiles detected with anti-TRPV6 antibody. The same amounts of cell lysates were applied to SDS-PAGE in the two panels. Lanes 1, 2, and 3 in the two panels are the protein profiles of un-stimulated cells, 1,25D~3~-stimulated cells, and VDP1-stimulated cells, respectively.](srep08860-f7){#f7}
